Abstract. The reactivity of the three distonic isomers of the pyridine radical cation toward tetrahydrofuran is compared in solution and in the gas phase. In solution, the distonic ions were generated by UV photolysis at 300 nm from iodoprecursors in acidic 50:50 tetrahydrofuran/water solutions. In the gas phase, the ions were generated by collisionally activated dissociation (CAD) of protonated iodo-precursors in an FT-ICR mass spectrometer, as described in the literature. The same major reaction, hydrogen atom abstraction, was observed in solution and in the gas phase. Attempts to cleave the iodine atom from the 2-iodopyridinium cation in the gas phase and in solution yielded the 2-pyridyl cation in addition to the desired 2-dehydropyridinium cation. In the gas phase, this ion was ejected prior to the examination of the desired ion's chemical properties. This was not possible in solution. This study suggests that solvation effects are not significant for radical reactions of charged radicals. On the other hand, the even-electron ion studied, the 2-pyridyl cation, shows substantial solvation effects. For example, in solution, the 2-pyridyl cation forms a stable adduct with tetrahydrofuran, whereas in the gas phase, only addition/elimination reactions were observed.
Introduction
G as-phase experiments in mass spectrometers are frequently used to explore solution reactions [1] . In solution, the presence of solvent molecules often causes competing reactions with the reagents of interest, which significantly complicates the interpretation of solution results. On the other hand, the capability to isolate ions of interest and the elimination of solvent and other unwanted molecules in mass spectrometers provides a solvent-free environment, which is advantageous for studies of reactions of highly reactive species that are difficult to study in solution. Hence, the correlation between reactions occurring in solution and in the gas phase is of great interest.
Since solvation effects are thought to be minor for radical reactions [2] , radical reactions provide a good starting point when comparing solution and gas-phase reactions. Aromatic carbon-centered σ-type mono-and biradicals have been studied extensively both in solution [3] [4] [5] and in the gas phase [6] [7] [8] because of their roles in nonhydrolytic DNA cleavage. In our laboratory, the reactivity of aromatic mono-, bi-, and triradicals (particularly phenyl radicals) has been studied in the gas phase by using Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR) [9] [10] [11] [12] . These studies use the distonic ion approach that is based on phenyl radicals with a chemically inert, positively charged group to allow for their manipulation in the mass spectrometer [13, 14] . These gaseous charged radicals have been demonstrated to react by the same pathways as related neutral radicals in solution [13, 14] .
Polar effects have been determined as a reactivity controlling parameter for polar phenyl radicals in solution [3, 4] and in the gas phase [9, 10] . Pryor and coworkers [3] have shown that the rate of hydrogen atom abstraction by the phenyl radical in solution is influenced by its substitution. A phenyl radical with a more electron-withdrawing substituent shows greater reactivity because of its ability to better polarize the transition state of its reactions, which lowers the transition state energy. Another study by Takayama and coworkers [4] concluded that increasing the electronegative character of the substituent of a phenyl radical, which increases the polar nature of the radical, increases the rate of hydrogen atom abstraction.
Similar conclusions have been drawn based on gas-phase studies [9, 10] . Literature studies suggest that increasing the polarity of the transition state of reactions of a charged phenyl radical increases its reactivity. The ability of a radical to polarize its transition states can be attributed to a greater electrophilicity of the radical, which is gauged here based on its calculated vertical electron affinity (EA, defined as the energy released when an electron is added to the radical site with no change in geometry). A greater calculated electron affinity usually leads to a more polar transition state and thus, greater reactivity [9] . This finding also rationalizes the substituent effects observed for the phenyl radical in the gas phase. For example, fluorine substitution has been found to increase the electron affinity of a radical, which significantly enhances its reactivity [10] .
While the above studies suggest that the reactivity of gaseous phenyl radicals is similar to that reported for phenyl radicals in solution, the comparison is complicated by the fact that charged radicals were studied in the gas phase but neutral radicals in solution. To the best of our knowledge, there is only one study published on the direct comparison of the reactivity of charged phenyl radicals in the gas phase and in solution [15] . Recently, the effect of pH on the efficiency of hydrogen atom abstraction from methanol by isomeric charged phenyl radicals in solution was examined [15] . The efficiency of hydrogen atom abstraction by the charged phenyl radicals in solution was found to decrease as the pH increases, as predicted based on previous gas-phase studies [12, 16] . This inspired the current study. We report here a comparison of the reactivity of the three distonic isomers of Scheme 1. The structure of pyridine radical cation and its three distonic isomers Figure 1 . UV absorbance spectra of solutions containing 2-, 3-, and 4-iodopyridine in 50:50 THF/water at pH 1. UV absorbance at 300 nm is indicated for each spectrum Product analysis was carried out by using a Surveyor Plus High Performance Liquid Chromatograph (Thermo Scientific) coupled with a Thermo Scientific Linear Quadrupole Ion Trap (LQIT) mass spectrometer, specifically, a Thermo Scientific LTQ, equipped with an electrospray ionization (ESI) source. The reaction mixtures were diluted 100 times with HPLC grade water and spiked with d 5 -pyridine, which was used as an internal standard. Twenty five μL of the solution was injected into the HPLC column and eluted for 20 min. The column used was Aquasil C18 (dimensions 100 × 2.1 mm, particle size 5 μm, Thermo Scientific). The mobile phase was 0.1 % HCOOH in CH 3 OH/0.1 % HCOOH in H 2 O, eluted at a flow rate of 200 μL/min. The detailed elution conditions are shown in Table 1 . The ESI conditions were as follows: spray voltage 5 kV, sheath gas flow 30 (arbitrary units), auxiliary gas 5 (arbitrary units), capillary temperature 275°C.
The reaction products were identified by comparing the mass spectra measured for mixtures with and without photolysis (dark control experiments). The structures of the products were confirmed by studying reactions with d 8 -THF, as well as performing collisionally activated dissociation (CAD) on the ionized products. Typical CAD conditions were as follows: isolation widow 2 Da, normalized collision energy 25-30 (arbitrary units), and activation time 30 ms. During CAD, the precursor ions are subjected to resonance excitation for 30 ms, during which time they undergo collisions with helium buffer gas in the linear quadrupole ion trap. Upon collisions, some of the ions' kinetic energy is converted into internal energy, which causes the ions to undergo unimolecular dissociation to form fragment ions. The fragmentation patterns allow for structural determination of the precursor ions.
In the gas phase, the distonic ions were studied in a Finnigan model 2001 FTMS dual-cell 3 Tesla Fouriertransform ion cyclotron resonance (FT-ICR) mass spectrometer by using literature methods [12, 17] .
All density functional theory (DFT) calculations were performed by using the Gaussian 03 [18] electronic structure program suite.
Results and Discussion
Reactivity of 2-, 3-, and 4-Dehydropyridinium Cations Toward THF in Solution UV absorption spectra of solutions containing 2-, 3-, and 4-iodopyridine in 50:50 THF/water at pH 1 are shown in Figure 1 . For all of the isomeric iodopyridines, similar UV absorption intensity at 300 nm was observed. While this is not the wavelength where maximum UV absorption occurs, a previous gas-phase study has shown that 355 nm UV light has enough energy to homolytically cleave the C-I bond in a benzene derivative to generate a radical site. Furthermore, previous study has reported successful generation of 2-, 3-, and 4-dehydropyridinium cations via photolysis of 2-, 3-, and 4-iodopyridine in 50:50 CH 3 OH/water solution at 300 nm [15] . Therefore, based on these observations, photolysis of 2-, 3-, and 4-iodopyridine in 50:50 THF/water solution at 300 nm should yield the corresponding dehydropyridines.
The same major reaction, hydrogen atom abstraction, was observed for the three isomeric radicals (2-4) in solution and in the gas phase. Hence, the primary reaction products are a THF radical and protonated pyridine. However, some of the primary products underwent a further reaction in solution, namely, addition of the THF radical to the protonated pyridine, followed by the loss of a hydrogen atom ( Figure 2 . The CAD mass spectrum of one of the isomeric product ions of m/z 150 formed upon addition of the THF radical to the pyridine ring followed by the loss of a hydrogen atom. The likely structure for the ion of m/z 150 is indicated Scheme 2). This was not unexpected as addition of a THF radical to protonated pyridine followed by the loss of a hydrogen atom in 50:50 THF/water solution has been reported in the literature [19] .
The observation of the addition reaction only in solution is rationalized by the ability of the solvent cage to hold the product complex together while it cools by collisions with solvent molecules before it has time to dissociate to the primary products, and hence keeps the THF radical in the proximity of the protonated pyridine molecule for long enough for the addition reaction to take place. In the gas phase, this reaction was not observed. This can be rationalized by the high exothermicity of the hydrogen atom abstraction reaction (-26.0 kcal/mol for radical 3) [11] , which leads to fast dissociation of the gas-phase product complex. The structures of the products of the addition of the THF radical to protonated pyridine followed by loss of a hydrogen atom will be discussed in more detail below.
Enhanced reactivity has been reported for gaseous neutral and charged radicals with greater electron affinities, as expected based on polar effects [9, 12, 15, 20] . In agreement with this expectation, the activation enthalpies for hydrogen atom abstraction by radicals 2-4 from the α-carbon of THF in the gas phase have been calculated to be -17.4 kcal/mol, -10.1 kcal/mol, and -8.3 kcal/mol, respectively [12] (these values are negative due to the initial formation of a high-energy collision complex in the gas phase). Indeed, the reactivity ordering of the radicals in the gas phase is 2 9 3 9 4 ( Table 2) . However, the yields of the solution reactions indicate a reactivity ordering 4 9 3, which is opposite to the gas-phase result. For radical 2, the yield of the solution reaction cannot be determined due to unwanted formation of 2-pyridyl cation upon photolysis of 2-iodopyridinium cation, in addition to the desired radical 2. In solution, these ions cannot be studied independently. This finding has been reported in an earlier study [21] and will be discussed in more detail below.
The difference in the observed reactivity between radicals 3 and 4 in solution and gas phase can be rationalized based on the different protonated states of the radicals in solution at the given pH. The pKa of the protonated 2-, 3-, and 4- iodopyridines have been reported to be 1.1, 2.3, and 2.9, respectively [22] . Hence, at pH 1, the ratio of protonated molecules to unprotonated molecules for the 2-iodopyridine is 1.3, 3-iodopyridine 20, and 4-iodopyridine 63. Photolysis of these molecules leads to a much larger fraction of protonated radicals for the 4-isomer than the 3-isomer. Further, the proton affinity (PA) values of 3-and 4-dehydropyridines have been calculated to be 218.2 kcal/ mol and 219.5 kcal/mol, respectively. 1 The pKa values of the protonated radicals are likely to have the same ordering as the PA of their conjugate bases (for example, for 2-bromopyridine, PA 0 216.3 kcal/mol, and for protonated 2-bromopyridine, pKa 0 0.9, whereas for 3-bromopyridine, the corresponding values are 217.5 kcal/mol and 2.84, respectively; the same situation is also true for 2-and 3-chloropyridines [23] ). Hence, even if there is time for the radicals to equilibrate their protonation state after formation and during the reaction, the 4-isomer is likely to have a greater proportion of protonated forms than the others. Therefore, at a given time, more protonated 4-dehydropyridine molecules (radical 4) exist in the solution than for 3-dehydropyridine. Since the reactivity of the radicals is significantly increased upon protonation, a larger proportion of protonated radicals in the case of 4 should result in a greater reactivity.
Structural Delineation of Products Formed upon Addition of the THF Radical to Protonated Pyridine
By considering the resonance structures of the pyridinium cation, the addition of THF radical should occur predominantly at the ortho-and para-positions of the pyridine ring, as reported in a previous study [19] . This was confirmed for 3 and 4 by the observation of two isomeric products (two HPLC peaks) for molecules with MW of 149 Da that correspond to the deprotonated product ions of addition of THF radical to protonated pyridine followed by the loss of a hydrogen atom (Scheme 2). The identity of the isomeric products was probed by examining the reaction of d 8 -THF with the radicals. For radical 3, the product ions of addition of deuterated THF radical to protonated pyridine at the ortho-and para-positions must be followed by the loss of a hydrogen atom and hence yield ions of the same m/z (m/z 158), which was confirmed by observation of two HPLC peaks for molecules with MW of 157 Da. For radical 4, the two addition reactions yield product ions of different m/z. Addition of deuterated THF radical at the ortho-position must be followed by the loss of a hydrogen atom to yield ions of m/z 158, while addition at the para-position must be followed by Scheme 6. Proposed mechanism for H 2 O and H 2 loss upon CAD of the protonated product ion of m/z 150 formed upon addition of the THF radical to the ortho-position in the pyridine ring followed by loss of a hydrogen atom, followed by CAD of the fragment ion of m/z 132 Figure 3 . The CAD mass spectrum of the product ion formed upon addition of THF radical to the pyridine ring at the para-position followed by the loss of a hydrogen atom 1 Calculated at the G3MP2B3 level of theory. Proposed mechanism for CAD of the product ion formed upon addition of THF radical to the pyridine ring at the para-position followed by the loss of a hydrogen atom Table 4 . The m/z values and branching ratios of the fragment ions formed upon CAD of protonated products of addition of the THF radical (or deuterated THF radical) to the pyridine ring at the para-position, followed by loss of a hydrogen atom 
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Scheme 8. Proposed mechanism for CH 2 abstraction from THF by radical 4 in the gas phase [12] loss of a deuteron atom to yield ions of m/z 157 (Scheme 3). The observation of ions of different m/z values for radical 4 allows for the identification of the isomeric addition products based on their retention times in the HPLC. In contrast to radicals 3 and 4, addition of THF radical to the pyridine ring of radical 2 after hydrogen atom abstraction, followed by the loss of a hydrogen atom, only yields a single product, based on the observation of only a single HPLC peak for molecules with MW of 149 Da. Based on the retention time of the molecule, this product arises from the addition of the THF radical to the pyridine ring at the ortho-position, followed by loss of a hydrogen atom. Further, when the reaction was performed with d 8 -THF, the product formed upon addition of the deuterated THF radical to the pyridine ring of radical 2 after deuterium atom abstraction, followed by the loss of a deuteron atom, yields a molecule with MW of 156 Da, which indicates that addition must have occurred at the ortho-position (Scheme 4). Addition of the THF radical to the pyridine ring at the para-position was not observed, likely due to the stabilizing hydrogen bonding interaction that lowers the TS energy for addition at the ortho-position in radical 2 [12] . This finding is supported by the calculation of the transition state structures for hydrogen atom abstraction from THF by radicals 2-4 (Scheme 5). The calculated transition state structure for radical 2 reveals a hydrogen bonding interaction between the protonated nitrogen atom and the oxygen atom of the THF molecule. This interaction keeps the THF molecule in the proximity of the ortho-carbon of the pyridine ring, thus facilitating addition of the THF radical to the ortho-rather than the para-position.
The structures of the isomeric products formed upon addition of the THF radical to the pyridine ring of radicals 2-4 after hydrogen atom abstraction, followed by the loss of a hydrogen atom, were confirmed by CAD on the protonated products after chromatographic separation. An ion of m/z 150 that had been identified as the product of the addition of the THF radical to the pyridine ring at the ortho-position fragments predominantly by loss of H 2 O to yield an ion of m/z 132. The resulting ion readily fragments by loss of H 2 and CH 3 to give ions of m/z 130 and m/z 117, respectively (Figure 2 ). This was confirmed by isolating the fragment ion of m/z 132 and subjecting it to CAD, which yielded ions of m/z 130 and 117 (Table 3 ).
The proposed mechanisms for H 2 O and H 2 losses upon CAD from ions of m/z 150 are shown in Scheme 6. The reaction is initiated by proton transfer from the nitrogen atom of the pyridine ring to the oxygen atom of the THF molecule, followed by a heterolytic bond cleavage between carbon 1 and oxygen of the THF ring. Proton transfer from carbon 2 to the hydroxyl-group of the ring-opened structure of the THF molecule takes place. Nucleophilic attack by the nitrogen atom of the pyridine ring at carbon 4 of the ring-opened structure of the THF molecule causes cleavage of the carbon-oxygen bond and loss of H 2 O molecule to yield an ion of m/z 132. Upon the second CAD, this bicyclic ion losses a H 2 molecule to yield an aromatic bicyclic ion of m/z of 130.
Analogous fragmentation behavior yielding product ions with similar branching ratios was observed for the corresponding deuterated product ions (ions of m/z 157 for radical 2 and ions of m/z 158 for radicals 3 and 4) upon CAD, as shown in Table 3 . The deuterated product ions fragment predominantly by a major loss of DHO, followed by loss of D 2 or CD 3 . These findings provide evidence of hydrogen bonding interaction between the nitrogen atom of the pyridine ring and Scheme 9. Calculated Mulliken atomic charges of radical 4 with and without hydrogen bonding with a water molecule 2 2 Calculated with the CHELPG procedure and fitting to the molecular dipole moment at the UBPW91/cc-pVDZ// UBPW91/cc-pVDZ level of theory.
the oxygen atom of the THF molecule. The above fragmentation behavior, as well as the presence of hydrogen bonding interaction between the nitrogen atom of the pyridine ring and the oxygen atom of the THF molecule in the transition state, suggest that this ion (m/z 157 for radical 2 and m/z 158 for radicals 3 and 4) is formed upon addition of THF radical to the pyridine ring at the ortho-rather than para-position.
In contrast to the above product, the product ion formed upon addition of the THF radical to the pyridine ring at the para-position fragments predominantly via homolytic cleavage of the carbon-carbon bond between the α-carbon of THF and the γ-carbon of the protonated pyridine, followed by hydrogen atom abstraction to give protonated pyridine (m/z 80) and 2,3-dihydrofuran ( Figure 3 ; Scheme 7). These products then undergo proton transfer to yield tetrahydrofuran-2-ylium cation (m/z 71). This fragmentation behavior is in best agreement with a structure wherein the THF radical has added to the paraposition of the pyridine ring. Analogous fragmentation behavior with similar product branching ratios was observed for the corresponding deuterated product ions (ion of m/z 158 for radical 3 and ion of m/z 157 for radical 4) upon CAD, as shown in Table 4 .
Unusual Reactivity of the 4-Dehydropyridinium Cation Toward THF
In addition to hydrogen atom abstraction, radical 4 undergoes slow electrophilic addition/elimination reactions with THF in the gas phase (i.e., CH 2 , C 2 H 3 , CHO, and C 2 H 3 O abstraction [12] ). This unusual reactivity has been proposed to arise from an ionized carbene-type resonance structure that facilitates nucleophilic addition to the most electrophilic carbon atom in the para-position of 4 (for a mechanism proposed for CH 2 abstraction, see Scheme 8) [12] . These nucleophilic addition/ elimination reactions were not observed for radical 4 in solution. Calculations indicate that hydrogen bonding interaction between the protonated nitrogen atom and a water molecule (solvent) causes the carbon at the para-position to be less electrophilic than in the gas phase (Scheme 9). This may explain the absence of nucleophilic addition to the para-position in 4 in solution.
In contrast to radical 4, the influence of the ionized carbene-type resonance structure was not obvious for radical 2 in the gas-phase or solution experiments. This is most likely due to a stabilizing hydrogen bonding interaction in the transition state of radical 2 with THF (Scheme 5), which helps to catalyze hydrogen atom abstraction [12] .
Reactivity of the 2-Pyridyl Cation Toward THF in Solution
As mentioned above, photolysis of 2-iodopyridine in solution has been reported to yield the 2-pyridyl cation in addition to 2-dehydropyridine [21] . At high pH, formation of 2-pyridyl cation was suggested to occur via electron transfer within the initially formed 2-dehydropyridine and iodine radicals after photolysis of 2-iodopyridine (Scheme 10) [21] . At low pH, formation of 2-pyridyl cation most likely occurs via loss of HI from protonated 2-iodopyridine (possibly as shown in Scheme 10), as observed in the gas phase upon sustained off-resonance irradiation collision-activated dissociation (SORI-CAD) of 2-iodopyridinium cation [24] . The same cation can also be generated upon fragmentation of 2-substituted pyridine radical cations [25] . Formation of pyridyl cations was not observed for 3-and 4-dehydropyridines in solution or in the gas phase. Elimination of HI upon SORI-CAD from gaseous 3-and 4-iodopyridinium ions would require the iodine atom to abstract a hydrogen atom bound to carbon, or the product complex to have a long enough lifetime for the cleaved iodine atom to travel near the NH group and abstract a hydrogen atom from this site. Clearly, neither process is feasible. In solution, the absence of formation of pyridyl cations from 3 and 4 is most likely due to the high ionization energies of the 3-and 4-dehydropyridines, which hinders electron transfer to the iodine atom (EA 0 3.06 eV) [26] . This hypothesis is supported by the calculated ionization energies (IE) of 2, 3-, and 4-dehydropyridines (7.63, 8.07, and 8.33 eV, respectively).
When photolysis of 2-iodopyridine was performed in 50:50 THF/H 2 O solution at pH 1, the 2-pyridyl cation was found to react rapidly with H 2 O to form 2-hydroxypyridinium cation and only a minor reaction product with THF was observed. Therefore, to eliminate unwanted reaction of the 2-pyridyl cation with H 2 O molecules, the photolysis was performed in 100 % THF solution at pH 7.
In 100 % THF solution, reaction of the 2-pyridyl cation with THF yields product ions with m/z of 150. When the reaction was performed with d 8 -THF, the m/z of this product ion shifted to 158. The structure of this ion was identified by performing CAD. Upon CAD, the ion with m/z of 150 fragments predominantly by loss of Figure 4 . Analogous fragmentation behavior with similar product branching ratios was observed for CAD of the deuterated product ion with m/z 158 ( Table 5 ). The observed fragmentation behavior for both of the undeuterated and the deuterated product ions formed upon reaction of the 2-pyridyl cation with THF (or d 8 -THF) suggests that this ion corresponds to the adduct of 2-pyridyl cation with THF (or d 8 -THF).
While formation of a stable adduct between the 2-pyridyl cation and THF molecule was observed in solution, in the gas phase, only addition/elimination reactions were observed. Interestingly, the major addition/elimination reaction products that were observed upon reaction of the 2-pyridyl cation with THF in the gas phase have similar branching ratios as the fragment ions that were observed upon CAD of the stable adduct of the 2-pyridyl cation and THF molecule formed in solution (Table 5) . Hence, the difference in the reactivity of 2-pyridyl cation toward THF in the gas phase and in solution can be rationalized by the presence of nearby solvent molecules in solution which can accept energy from the adduct and keep the product complex together for a longer time than in the gas phase, and eventually cool the adduct. On the other hand, the exothermicity of addition of a THF molecule to the 2-pyridyl cation leads to fast dissociation of the adduct in the gas phase.
Conclusions
The same major reaction, hydrogen atom abstraction, was observed in solution and in the gas phase for the three distonic isomers of the pyridine radical cation. Minor products formed by addition of the initially formed THF radical to pyridine (at the ortho-and para-positions for Table 5 . Products and their branching ratios for the reaction of the 2-pyridyl cation in 100 % THF solution, in 100 % d 8 -THF solution, and in the gas phase. The m/z values and the branching ratios of the fragment ions formed upon CAD of the adduct of the 2-pyridyl cation with THF (or d 8 -THF) formed in solution are also listed Reaction products and their branching ratios MS 2 fragments ions and their branching ratios the 3-and 4-isomers but only ortho-position for the 2-isomer) followed by hydrogen atom loss were also observed in solution but not in the gas phase, likely due to the cooling and trapping ability of the solvent cage. These results suggest that solvation effects may not be significant for reactions of radicals that are charged.
On the other hand, the even-electron 2-pyridyl cation shows much greater solvation effects, indicated by a significant difference in its reactivity in solution and in the gas phase. In solution, 2-pyridyl cation forms a stable adduct with a THF molecule, whereas in the gas phase, addition/elimination reactions were observed.
